Cognitive abilities are essential for independent living in later life, and some domains of cognitive functioning decline in mean level from relatively early adulthood ([@B1]). Age-related cognitive decline is accompanied by pathological changes in the brain, including cerebral microvascular changes, and although individual differences exist in the severity of age-related microvascular damage in the brain, this is difficult to investigate noninvasively. Systemic atherosclerotic changes in the body may serve as a marker of vascular-related changes in the brain ([@B2]) that, in turn, lead to cognitive deficits ([@B3],[@B4]). However, the potential of large vessel changes distant from the brain itself to function as markers of cognitive decline remains unclear. We aimed to study a range of measures of clinical and subclinical macrovascular disease that focus on different areas of the vasculature or different underlying pathophysiological mechanisms to assess which of these might function as proxies of cognitive decline.

Understanding the role of macrovascular disease in age-related cognitive impairment is particularly important in diabetes, given the higher prevalence of atherosclerotic large vessel disease as well as the accelerated cognitive decline and increased risk of cognitive impairment ([@B5],[@B6]) associated with this condition, and the potentially modifiable nature of macrovascular disease ([@B7]). The prevalence of stroke, of transient ischemic attack (TIA) ([@B8]), and of coronary heart disease ([@B9]) are higher in diabetic populations than in nondiabetic populations, and average natriuretic peptide levels, a marker of cardiac stress, are increased ([@B10]). Markers of subclinical atherosclerosis also are altered, with increased average carotid intima-media thickness (cIMT) ([@B11]) and reduced mean ankle brachial index (ABI) ([@B12]). Despite this, investigation into the role of macrovascular disease in age-related cognitive impairment in people with diabetes is limited compared with investigation into this issue in the general (predominantly nondiabetic) population. We set out to determine the association of a variety of measures of subclinical macrovascular disease and cardiovascular event categories with cognitive decline in a sample of older people, all of whom had diabetes (the Edinburgh Type 2 Diabetes Study \[ET2DS\]). We did so using two cognitive outcomes, actual late-life cognitive change over a 4-year period and estimated lifetime cognitive change. These analyses are timely given the increasing prevalence of diabetes at younger ages ([@B13]) that, together with greater survival ([@B14]) and greater lifetime exposure to diabetes in current generations, is likely to contribute to increasing prevalence of cognitive impairment.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Study population {#s2}
----------------

In 2006, the ET2DS recruited a randomly selected sample of older adults with type 2 diabetes from the Lothian Diabetes Register, a population-based disease register that contains details of nearly all individuals with diagnosed diabetes living in the Lothian region of Scotland, U.K. The study had ethical approval from the Lothian Medical Research Ethics Committee. Of 5,454 individuals aged 60--74 years who were invited to participate, 1,066 were recruited. Details of recruitment have been described previously ([@B15]) and representativeness of the cohort has been demonstrated by comparing demographic and clinical characteristics of responders and nonresponders ([@B16]).

At baseline in 2006--2007, all study participants attended a dedicated research clinic for extensive physical and cognitive examination and 939 (88%) returned for further examination after ∼1 year (2007--2008). All participants were considered for repeat cognitive testing after 4 years (2010--2011). Between baseline and year 4, 88 participants had died, 9 declined further participation, and 26 were deemed unfit to continue participation. Invitations were sent out to 943 (88%) participants. Of these, 98 declined to attend and 14 could not be contacted; 831 (78%) ultimately attended the year 4 clinic ([Fig. 1](#F1){ref-type="fig"}). Reasons for nonattendance at follow-up included poor health (including dementia), responsibilities as a carer, and loss of interest in participation. Nonattenders were followed-up using subject or general practitioner questionnaires, record linkage to hospital discharge and death certificate data, and review of hospital notes when required. Informed consent was obtained from all participants at each clinic attendance.

![Subject participation in the ET2DS.](2779fig1){#F1}

Physical and cognitive examination {#s3}
----------------------------------

All assessments were performed by specially trained nurses following standard operating procedures and have been described in detail previously ([@B15]). At baseline, fasting blood samples were taken for measurement of total serum cholesterol, HbA~1c~, glucose, and plasma N-terminal probrain natriuretic peptide (NT-proBNP). Participants completed a questionnaire with standard questions about vascular disease and vascular risk factors, including smoking history, doctor diagnosis of myocardial infarction (MI), angina, and stroke, the World Health Organization chest pain questionnaire, and the Edinburgh Claudication Questionnaire ([@B17]).

Height and weight, brachial blood pressure, and a standard 12-lead electrocardiogram were recorded and measurement of right and left brachial, posterior tibial, and dorsalis pedis systolic pressures were used to calculate the ABI. Scottish Morbidity Record (SMR01) data on all medical and surgical discharges from Scottish hospitals between 1981 and 2011 were obtained. Any ICD-10 or ICD-9 codes for cardiovascular or cerebrovascular disease recorded between 1981 and 2007 were extracted and used together with questionnaire data on vascular disease and electrocardiogram findings (as well as review of clinical notes when required) to define MI, angina, stroke, and TIA, as detailed previously ([@B16],[@B18]). Peripheral arterial disease was defined as presence of intermittent claudication on the Edinburgh Claudication Questionnaire.

At year 1, carotid IMT was measured bilaterally in three separate images of the common carotid artery, 1 to 2 cm below the bifurcation and in areas free of plaque using a Sonoline Elegra Ultrasound Imaging System (Siemens Medical Systems). Mean cIMT was calculated for the left and right carotid arteries; the higher of the two values was used for analyses.

At baseline and at 4-year follow-up, seven neuropsychological tests were used to measure several domains of cognitive ability. The Borkowski Verbal Fluency Test (BVFT) examined executive function. The Logical Memory (LM) subtest of the Wechsler Memory Scale, third edition, assessed immediate and delayed verbal declarative memory. Nonverbal memory was measured by the Faces subtest of the same scale. The Trail-Making Test B (TMT-B) examined mental flexibility and executive function. The Digit Symbol Coding (DSC) subtest of the Wechsler Adult Intelligence Scale, third edition, measured speed of information processing. The Letter-Number Sequencing and the Matrix Reasoning (MR) subtests from the Wechsler Adult Intelligence Scale, third edition, assessed working memory and nonverbal reasoning, respectively. Scores on the combined junior and senior Mill Hill Vocabulary Scale (MHVS) for synonyms, which correlate strongly with scores on the more traditionally used National Adult Reading Test ([@B19]), tested vocabulary abilities. Symptoms of depression and anxiety were self-reported on the Hospital Anxiety and Depression Scale ([@B20]). The Mini-Mental-State Examination (MMSE) ([@B21]) assessed global cognitive function. A cut-point of \<24 out of 30 is traditionally used to identify individuals with possible dementia ([@B22]). However, because of the low validity and reliability of this method ([@B23]), we applied the following additional criteria to define dementia: using medication for dementia at baseline or year 4, or both; dementia coding (F00, F01, F02, F03, or G30) from SMR01 or on death certificate between 1981 and completion of year 4 follow-up in 2011; report of psychiatrist diagnosis of dementia in a questionnaire sent to general practitioners of all subjects with MMSE \<24 at baseline or follow-up and subjects who did not attend the year 4 clinic; a psychiatrist's diagnosis of dementia obtained from a review of psychiatry or hospital notes performed after completion of year 4 follow-up; and self-reported or relative-reported dementia. Dementia was recorded if two of these criteria were met or, in subjects with MMSE score \<24 at baseline or follow-up, or missing at follow-up, if one of the first four criteria was met.

Statistical analysis {#s4}
--------------------

### Preparation of data. {#s5}

Because of skewed distributions, NT-proBNP and TMT-B were transformed to their natural logarithm values. When data for one, two, or three out of the seven cognitive tests were missing, multiple imputation accounting for age and sex was performed. In accordance with previous literature ([@B24]), mild cognitive impairment (MCI) was defined as scoring in the lowest fifth percentile of memory scores (LM), with MMSE ≥24 and failure to meet criteria for dementia.

### Univariate analyses. {#s6}

Exploratory analyses determined associations among baseline predictors, correlations between cognitive scores measured at baseline and at follow-up, and 4-year change in mean cognitive scores. Mean ABI, cIMT, and NT-proBNP and prevalence of macrovascular disease were compared in participants with dementia, in those who had conversion to MCI during follow-up, and in the remaining sample.

### Multivariate analyses. {#s7}

Multivariate regression analyses tested for associations between baseline macrovascular disease and follow-up cognitive scores, estimated lifetime, and 4-year cognitive change. To estimate lifetime cognitive change, follow-up cognitive scores were adjusted for baseline MHVS scores. Because vocabulary tests measure \"crystallized\" intelligence and show little age-related declines, they may be used to estimate peak previous cognitive ability ([@B25]). Details of this approach have been published previously ([@B26]); essentially, by controlling for a well-validated estimate of peak cognitive ability, it was possible to assess associations of macrovascular disease variables with estimated decline from best-ever level of cognitive function. To measure actual 4-year cognitive change, follow-up scores were adjusted for baseline scores on the respective cognitive test.

### General ability factor *g*. {#s8}

Principal components analysis was performed on cognitive test scores with extraction of components with Eigen values \>1 to function as additional cognitive outcomes. A single component of general cognitive ability (usually referred to as *g*) was determined for follow-up (factor loading: Faces, 0.51; LM, 0.61; DSC, 0.62; BVFT, 0.62; MR, 0.69; Letter-Number Sequencing, 0.75; DSC and TMT-B, 0.81), which accounted for 47.4% of the total variance. Strictly speaking, principal components analysis does not extract \"factors,\" but the usage is common and we adopted it here. It has been found that individuals who perform well on one cognitive test tend to perform well on another ([@B27]). Adjustment of follow-up *g* for baseline *g* to signify 4-year cognitive change requires that both are standardized in the same population. To achieve this, cognitive data were arranged in the statistical program so that each of seven columns included cognitive scores obtained at baseline and at follow-up, a single principal components analysis was performed, and saved regression scores of the first principal component were separated into two columns according to time point. The resulting baseline *g* and follow-up *g*, which therefore have identical factor loading (Faces, 0.43; LM, 0.55; BVFT, 0.65; MR, 0.67, Letter-Number Sequencing, 0.72; DSC, 0.75; TMT-B, 0.79), were then used for all analyses of 4-year change in *g*.

### Covariates and correction for multiple comparisons. {#s9}

Linear regression analyses were further adjusted for conventional cardiovascular risk factors (brachial blood pressure, serum total cholesterol, and history of cigarette smoking). Post hoc analyses controlling for baseline MHVS determined the independence of associations with 4-year cognitive change from premorbid ability. To counteract risk of type I error, Bonferroni corrections are commonly applied to the cut-point for statistical significance, but this increases the risk of accepting incorrect null hypotheses (type II error). To balance these risks, and because all three cognitive outcomes were derived from one variable, we applied a Bonferroni correction on the basis of nine individual analyses only (to reflect nine predictor variables; cut-point *P* \< 0.006). Analyses were performed using SPSS for Windows version 19.0 (IBM).

RESULTS {#s10}
=======

A comparison of baseline sociodemographic and physical characteristics revealed modest differences between participants who returned for year 4 follow-up (\"attenders\") and those who did not (\"nonattenders\") ([Table 1](#T1){ref-type="table"}). Attenders had significantly better cognitive ability at baseline and were less likely to have dementia by year 4 (*n* = 4, 0.5%) compared with nonattenders (*n* = 15, 6.4%). Further analyses were performed on data from attenders; in this group, mean age at baseline was 67.7 years and 293 participants (35.3%) had had at least one cardiovascular event (stroke, TIA, MI, angina, or intermittent claudication).

###### 

Baseline characteristics of ET2DS participants attending and not attending 4-year follow-up for cognitive testing

![](2779tbl1)

Many measures of macrovascular disease were associated with each other; participants with low ABI tended to have higher cIMT (*r* = −0.10; *P* = 0.004) and increased plasma NT-proBNP levels (*r* = −0.16; *P* \< 0.001). NT-proBNP correlated positively with cIMT (*r* = 0.13; *P* \< 0.001). Participants with history of any cardiovascular disease (CVD), stroke, or angina all had significantly higher mean NT-proBNP and cIMT, and lower mean ABI compared with the remaining population (all associations *P* \< 0.001 for any CVD; *P* \< 0.05 for stroke and angina). History of TIA was associated with lower mean ABI (*P* = 0.009). Mean NT-proBNP (*P* \< 0.001) and cIMT (*P* = 0.012) were increased in participants with MI.

Of all subjects attending follow-up (*n* = 831), three were not cognitively tested because of refusal or physical disability. Performance on each cognitive test correlated significantly with performance on all other cognitive tests at baseline (*r* = 0.19--0.63; all *P* \< 0.001) and at follow-up (*r* = 0.26--0.65; all *P* \< 0.001). Individual cognitive test scores and *g* correlated strongly between baseline and follow-up ([Table 2](#T2){ref-type="table"}). Mean scores declined slightly but significantly (*P* \< 0.001) for all tests except Faces and LM, in which scores improved (*P* \< 0.001), and for DSC (*P* = 0.150) ([Table 2](#T2){ref-type="table"}). Effect sizes and significance levels were similar when analyses were repeated using original rather than imputed data (data not shown).

###### 

Baseline and follow-up cognitive test performance of attenders

![](2779tbl2)

At Bonferroni-corrected *P* = 0.006, follow-up *g* was found to be significantly lower in participants with a preexisting cardiovascular event at baseline (β = −0.18; *P* \< 0.001); for individual event categories, findings were statistically significant for angina (β = −0.11; *P* = 0.002) and stroke (β = −0.16; *P* \< 0.001). Lower follow-up *g* also appeared to be associated with measures of subclinical macrovascular disease, although only the association with higher NT-proBNP reached statistical significance at the Bonferroni-corrected level (β = −0.10; *P* = 0.005) ([Table 3](#T3){ref-type="table"}).

###### 

Macrovascular disease and generalized cognitive ability (*g*)

![](2779tbl3)

In multivariate analyses adjusting for baseline cognitive test scores or for MHVS (and for vascular risk factors), the only cardiovascular event category that remained significantly associated with lower *g* at follow-up was stroke ([Table 3](#T3){ref-type="table"}), suggesting that people with stroke experienced steeper cognitive decline compared with stroke-free individuals. For estimated lifetime cognitive change, the association was statistically significant at the Bonferroni-adjusted level of significance (β = −0.12; *P* \< 0.001) and persisted after adjustment for cIMT (β = −0.10; *P* = 0.001). In terms of individual test scores, stroke appeared to affect predominantly processing speed ([Supplementary Tables](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2241/-/DC1)).

All markers of subclinical macrovascular disease were significantly associated with 4-year decline in *g*, although the association with ABI, which appeared to be driven by processing speed (TMT-B: β = −0.08; *P* = 0.001; [Supplementary Tables](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2241/-/DC1)), only lost statistical significance at the Bonferroni-adjusted level when vascular risk factors were controlled for (*P* = 0.009) ([Table 3](#T3){ref-type="table"}).

Further analyses of the individual cognitive tests revealed statistically significant associations of NT-proBNP with 4-year decline in verbal fluency at Bonferroni-corrected level (BVFT: β = −0.07; *P* = 0.001) ([Supplementary Tables](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2241/-/DC1)). Associations between increased cIMT and 4-year decline in processing speed (DSC: β = −0.08; *P* = 0.001) and reasoning (MR: β = −0.08; *P* = 0.004) appeared to be the main contributors to the association with decline in *g*. All associations of cIMT and NT-proBNP with *g* and individual cognitive tests (except between cIMT and MR; *P* = 0.007) remained statistically significant (*P* \< 0.006) after adjustment for vascular risk factors ([Table 3](#T3){ref-type="table"} and [Supplementary Tables](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2241/-/DC1)). In post hoc analyses, the association of cIMT with 4-year decline in *g* survived the additional adjustment for MHVS (β = −0.13; *P* = 0.001) as well as addition of stroke, ABI, and NT-proBNP into the model (β = −0.12; *P* = 0.002). The association of NT-proBNP with decline in *g* lost statistical significance when MHVS (*P* = 0.008) or when stroke, ABI, and cIMT were controlled for (*P* = 0.055).

A similar pattern of associations was found for the subclinical vascular markers and MHVS-adjusted cognitive test performance to signify estimated lifetime cognitive change, although overall the associations were weaker, such that only the association with cIMT reached the Bonferroni-adjusted level of statistical significance (β = −0.09; *P* = 0.005). The finding also became less significant when stroke was additionally controlled for (*P* = 0.011).

Only four subjects attending the year 4 follow-up had a diagnosis of dementia. Effect sizes and *P* values changed only marginally when analyses were repeated with exclusion of these cases (data not shown). Although there was a suggestion that the prevalence of vascular events was higher in all subjects with dementia, including TIA (*P* = 0.046) and MI (*P* = 0.027), this group of subjects (*n* = 19) was too small for further subgroup analysis. Twenty-three participants experienced conversion from normal functioning to MCI during follow-up. One (4.3%) had a history of TIA, three had stroke or peripheral arterial disease (13.0%, respectively), six (26.9%) had MI, 10 (43.5%) had angina, and 14 (60.9%) had any CVD. Age- and sex-adjusted analyses revealed increased prevalence of any CVD (*P* = 0.039) and significantly higher mean NT-proBNP levels (geometric mean: 131.1 pg/mL and 95% CI 81.1--211.7 vs. 74.07 pg/mL and 95% CI 68.4--80.3; *P* = 0.021) in the \"conversion to MCI\" group compared with the remaining population. None of the remaining macrovascular predictors was related to conversion to MCI (all *P* \> 0.05).

CONCLUSIONS {#s11}
===========

In this cohort of initially cognitively healthy older people with type 2 diabetes, markers of subclinical macrovascular disease, including higher circulating levels of the natriuretic peptide NT-proBNP and increased cIMT as well as a history of stroke, were associated with cognitive decline.

Stroke is a well-established risk factor associated with cognitive dysfunction and impairment ([@B28]), and also may contribute to accelerated cognitive decline ([@B29]), although the relationship in exclusively diabetic populations has not been extensively investigated. In the ET2DS, stroke was associated with steeper cognitive decline between peak premorbid ability, which was estimated by vocabulary, and late-life ability. Contrary to previous investigations in older adults with type 2 diabetes ([@B30],[@B31]), stroke also appeared to be associated with rate of actual late-life cognitive decline over the 4-year follow-up, although these associations were weaker and less statistically significant, suggesting that cognitive function deteriorates from prestroke to immediate poststroke levels, with preexisting stroke having relatively lower impact on subsequent cognitive decline.

The associations of cognitive decline with subclinical measures of macrovascular disease, including higher levels of NT-proBNP, increased thickness of the cIMT, and lower ankle brachial pressure (a further measure of systemic atherosclerotic disease as well as of lower limb peripheral arterial disease) ([@B32]), appeared slightly stronger for 4-year cognitive decline compared with associations of these vascular markers with estimated lifetime cognitive decline. This pattern of results is of interest because, in terms of identifying elderly subjects at risk for subsequent cognitive decline, information on a patient's future decline may be more valuable compared with information that incorporates past decline. Higher natriuretic peptide levels as a marker of cardiac stress previously have been associated with low level of cognitive function ([@B33]) and risk of future dementia ([@B34]). However, to our knowledge, this was the first prospective investigation of NT-proBNP and cognitive decline in a cognitively healthy population with type 2 diabetes. In addition to associations with continuously measured decline in ability, higher baseline peptide levels also predicted increased risk of conversion from normal cognitive functioning to suspected MCI. Increased cIMT has been shown to be a marker of coexistent CVD, including cerebrovascular disease ([@B35]), and may indicate systemic atherosclerosis as well as more localized disease. Evidence for associations with cognitive decline is mixed ([@B36],[@B37]), however, and although our finding of accelerated 4-year cognitive decline in individuals with higher cIMT is consistent with one previous study performed in a nondiabetic population ([@B36]), investigations of patients with type 2 diabetes are lacking. For cIMT, but not for NT-proBNP, associations in the current study were unrelated to potential effects of premorbid ability in late-life cognitive decline and risk of late-life subclinical vascular damage.

Contrary to previous investigations performed in predominantly nondiabetic populations ([@B38],[@B39]), we found an association between low ABI and steeper late-life cognitive decline. Individuals exposed to lifestyle-associated vascular risk, such as cigarette smoking, hypertension, and hypercholesterolemia, may develop subclinical macrovascular disease, evident in lower ABI, and also may experience accelerated late-life cognitive decline. However, the association of ABI with cognitive decline was only partially dependent on conventional cardiovascular risk factors.

It is also possible that the ABI may function as a vascular risk marker in a slightly different manner in diabetic populations because of effects of stiffened arteries on the measurement of ankle pressures ([@B12]), and this could contribute to any disparity between findings for ABI and cognitive decline in diabetic compared with nondiabetic populations.

The assessment of links between vascular disease and cognition is notoriously difficult because of the interrelationships between different vascular measures and the problems associated with measuring or estimating change in cognitive abilities over appropriate time periods in relation to the development of vascular disease markers. This somewhat explains inconsistencies in the current literature on the role of large and small vessel vascular disease in the etiology of cognitive decline. Compared with some previous studies, the relatively large size, population-based approach, and prospective design are strengths of the current study. The use of an exclusively diabetic older population and the measurement of a large number of different but commonly used markers of subclinical and clinical macrovascular disease provides a unique contribution to the existing literature that has neglected investigations in diabetes patients despite increased prevalence of macrovascular disease and cognitive impairment ([@B5],[@B8],[@B11]). The general ability factor is a universal empirical finding, a robust measure of overall cognitive functioning, and also the locus of much of the age effects on cognition ([@B1]). A conservative Bonferroni correction was applied to the cut-point for statistical significance; results were discussed both in terms of the corrected and the traditional cut-point (*P* \< 0.05) with the aim of offering an overall interpretation of findings with minimal risk of statistical error. Adjustment for a vocabulary-based cognitive test enabled estimation of long-term change in ability, although the MHVS only served as an estimate of peak premorbid ability and caution is warranted in the interpretation of this outcome. Analyses of actual longitudinal change in cognitive test scores were presumably subject to some error. Practice effects and selective attrition, which favor participants with slower rates of decline ([@B40]), lead to underestimation of actual cognitive decline in the population. Individuals with higher ability at baseline were more likely to attend follow-up and overall 4-year cognitive decline for attenders was small. Although we set out to recruit a cognitively healthy population, subsequent consideration of information from a wide variety of sources revealed that a very small number of subjects were likely to have been experiencing dementia at baseline. However, exclusion of dementia cases from the analyses only marginally changed the results reported here.

Our results provide additional evidence that the impact of vascular disease on cognition may not be restricted to localized cerebral small vessel disease or altered blood flow and ischemic damage as a consequence of stroke, and that cognitive decline could reflect systemic atherosclerotic changes. NT-proBNP and cIMT both appear to function as biomarkers of risk of late-life cognitive decline, despite their strong associations with subclinical macrovascular disease in different areas of the vasculature (left ventricle and carotid artery, respectively) and may offer valuable information beyond traditional vascular risk factors. Given that stroke was only weakly associated with 4-year cognitive decline, and that none of the remaining measures of symptomatic macrovascular disease were related to this outcome, determination of subclinical macrovascular disease using continuous measures may be preferable over symptomatic categorically assessed macrovascular disease for the early identification of individuals at risk for late-life cognitive decline. However, it must be recognized that the categorical nature of \"events\" data compared with the continuous distribution of the subclinical measures is likely to have influenced the relative levels of statistical significance for these variables. Ascertainment of subclinical macrovascular disease may aid the identification of not only individuals at risk for future symptomatic macrovascular disease (and its cognitive consequences) but also those at risk for late-life cognitive decline in absence of symptomatic disease. With the proximity of the carotid artery to the brain, cIMT could be hypothesized to represent the most accurate noninvasive marker of asymptomatic cerebral vascular damage. Certainly, its potential as a vascular risk marker seems to exceed that of simply a risk factor for stroke.

In conclusion, we have found confirmatory evidence of a link between stroke and cognitive decline in people with type 2 diabetes but, more importantly, we have identified associations between a number of different measures of subclinical macrovascular disease and late-life cognitive change. Further studies are warranted to determine whether these markers could be useful clinical measures as risk predictors for cognitive impairment and subsequent targeting of interventions aimed at reducing cognitive decline.

This article contains Supplementary Data online at <http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2241/-/DC1>.
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